Renin is produced mainly by the kidney, and cAMP is a main positive regulator of its synthesis. This study was un-dertaken to analyze the molecular mechanism of cAMPmediated regulation of Ren-1C gene transcription by the proximal promoter. We first showed that the promoter region from -365 to +16 of the mouse renin gene mediated the cAMP-induced chloramphenicol acetyltransferase gene expression in embryonic kidney-derived 293 cells. Deletion analysis and heterologous promoter assay disclosed that the proximal promoter region from -75 to +16 was able to activate chloramphenicol acetyltransferase expression by cAMP, and indicated that the proximal promoter element from -75 to -47 (RP-2 element) overlapping the TATA-like region was able to confer cAMP responsiveness. Electrophoretic mobility shift assay and DNase I footprinting analysis demonstrated that novel nuclear factors in 293 cells interacted with the RP-2 element, and that cAMP increased the binding activity of these nuclear factors to the RP-2 element. Furthermore, we demonstrated that cAMP enhanced the binding of nuclear factors derived from juxtaglomerular cells, the main production site of renin in the kidney, to the RP-2 element in vivo. These results suggest that the RP-2 element plays an important role in the cAMPmediated regulation of Ren-1C gene transcription through the proximal promoter. (J. Clin. Invest 1994. 94:1959-1967
Introduction
Renin, an aspartyl protease, has an important role in the regulation of blood pressure and water-electrolyte balance by catalyzing the rate-limiting step of the renin-angiotensin system (1, 2) , and it may be involved in the pathogenesis of hypertension (3) (4) (5) (6) . The expression of the renin gene is regulated in a tissuespecific manner, and the main production site of circulating renin is the kidney. In the kidney, the principal cells of origin for circulating renin are the juxtaglomerular (JG)l cells, which synthesize, store, and release renin ( 1, 2) . Our transgenic studies previously demonstrated that the 5 '-flanking region of the human renin gene directed tissue-specific expression in the JG cells of the kidney (7, 8) . In addition, we identified two transcriptionally important promoter elements (RU-1, -224 to -138; and RP-2, -75 to -47) in the mouse renin gene (Ren-1C), and demonstrated that the combination of these elements was responsible for cell type-specific transcriptional activity of the Ren-IC gene in transfected kidney cells (9, 10) . The RP-2 element was critically important to direct cell type-specificity, and the RU-i element synergistically supported the high level basal promoter activity directed by the RP-2 element. Furthermore, a recent study using a pituitary cell line indicated that the pituitary-specific factor bound to the proximal promoter and regulated transcription ( 11) , and previous studies demonstrated that 5'-flanking sequences of the mouse renin gene (Ren-2) directed tissue-and development-specific expression of the reporter SV-40 T antigen gene in transgenic mice (12, 13) . 5 '-Flanking sequences of the mouse, rat, and human renin genes have significant homology, and it is assumed that the highly homologous promoter regions of these renin genes may be involved in the regulation of the renin genes expression in the kidney (14, 15) .
The biosynthesis of renin in the kidney is concomitantly regulated by a variety of factors, including sodium chloride balance, blood pressure, sympathetic nerve activity, and angiotensin II (1, 2) . The intracellular levels of cAMP, also an important mediator of renal physiological response to different stimuli (16) (17) (18) (19) , have an especially significant influence on the synthesis and secretion of renin in the kidney, as revealed by in vitro and in vivo studies (1, 2, 20, 21) . Recent studies have shown that the upstream 5 '-flanking region of the mouse renin genes (Ren-ID and Ren-2) could activate transcription from a heterologous promoter in transfected chorion-derived cells, and identified a cAMP-responsive element (CRE) (Ren-ID, -619 to -597 of the transcriptional start site; Ren-2, -670 to -648) (22, 23) . Furthermore, a previous DNA transfection study in primary chorion cells disclosed that the first 100 bp of the human renin promoter region could direct cAMP-induced transcription (24) .
In the present study, we show that the proximal promoter region from -75 to +16 of the mouse renin gene (Ren-IC) was able to mediate the transcriptional activation by cAMP in human embryonic kidney-derived 293 cells. In addition, we demonstrated that the RP-2 element (-75 to -47) in the ReniC gene promoter, which overlapped the TATA-like region, was the major contributor to the regulation of the Ren-iC promoter activity by cAMP in 293 cells. Electrophoretic mobility shift assay (EMSA) showed that nuclear factors, which were distinct from AP-1, AP-2, and CRE-binding protein/activating transcription factor (CREB/ATF) family transcription factors, interacted with the RP-2 element, although cAMP-protein kinase pathway might be involved in the cAMP-mediated activation of the Ren-IC promoter by the RP-2 element. Furthermore, we disclosed that the nuclear factors in the JG cells, the major production site of renin in the kidney, actually bound to the RP-2 element, and demonstrated that nuclear factors binding to the RP-2 element were regulated by cAMP in vivo.
Methods
Plasmid construction, cell culture, and transient transfection assay. The renin promoter-chloramphenicol acetyltransferase (CAT) chimeric constructs, mRn365CAT, mRn224CAT, mRnl83CAT, mRnl64CAT, mRnl 14CAT, mRn75CAT, and mRn47CAT were constructed as described previously (9) . For construction of an internal deletion mutant, mRnA365CAT, 290-bp (-365 to -76) XbaI-HaeIl fragment was inserted in the sense orientation to the Bglfl site of mRn365CAT. The RU-1 or RP-2 elements, with or without the other element, were linked upstream to the renin minimal promoter (-47 to + 16) or to the herpes simplex virus-thymidine kinase (TK) promoter (25) in 5' to 3' orientation. In addition, the RP-2 element or CRE of the human chorionic gonadotropin a-subunit gene (26) , with or without the other element, were linked upstream to the TK promoter in 5' to 3' orientation. Human embryonic kidney-derived 293 cells were maintained in MEM containing 10% horse serum as described previously (9) . DNA transfection and CAT assay were performed essentially as described previously (9, 10, 27) . Briefly, cultured cells were transfected with 4 jIg of the Ren-1C promoter-CAT hybrid gene by the CaPO4 coprecipitation method.
After incubation for 12 h at 37°C, cells were further cultured for 36 h in the presence or absence of 1 mM 8-bromo-cAMP (8-Br-cAMP) or 15 pM N-(2-[methylamino]-ethyl)-5-isoquinoline-sulfonamide (H-8) (28) , and aliquots of cell extracts containing equal amounts of cell lysate protein (40 tsg) were used in CAT assay.
Isolation and analysis ofRNA. Northern blot analysis was performed essentially as described previously (29) (30) (31) . Mice were injected with 8-Br-cAMP (10 mg/kg body wt, i.p.) or an equal volume of vehicle 5 h before killing. Total RNA was isolated from kidney, spleen, liver, and enriched JG cells, using the single-step method by acid guanidinium thiocyanate-phenol-chloroform extraction (32) . 10 Og of each total RNA sample was denatured with 1 M glyoxal and 50% dimethyl sulfoxide, electrophoresed on a 1.2% agarose gel, and transferred to a nylon membrane (GeneScreen Plus; Du Pont-NEN, Boston, MA). Filters were prehybridized for 30 min at 60°C in a solution consisting of 1% SDS, 1 M NaCl, and 10% dextran sulfate. Hybridization proceeded for 16 h at 60°C in the same solution containing 300 jg/mI denatured salmon sperm DNA and 1 x 106 cpm/ml of the 32P-labeled mouse renin cDNA probe (33) or mouse skeletal /3-actin cDNA probe (34) . Filters were washed twice with 2 x SSC (1 x SSC = 0.15 M NaCl, 0.015 M sodium citrate) for 5 min at room temperature, twice with 2 x SSC and 1% SDS for 30 min at 60°C, and twice with 0.1 x SSC for 30 min at room temperature. Dried filters were subjected to autoradiography at -70°C with an intensifying screen. Expression of renin mRNA was quantitated using FUJIX BIO-Imaging Analyzer BAS2000 (Fuji Photo Film, Tokyo, Japan), and it was normalized to the signal generated by probing for a constitutive /l-actin gene expression.
Preparation of nuclear extracts. Nuclear extracts from 293 cells were prepared using a modification of the protocol of Dignam et al. (35, 36) . The final protein concentration was 5-7 mg/ml. In some instances, cultured cells were exposed to 1 mM 8-Br-cAMP or to 15 MiM H-8 for 36 h before the preparation of nuclear extracts. Nuclear extracts from C57BL/6 mouse kidney, spleen, and liver were prepared essentially according to the procedure of Gorsky et al. (37) . Mice were injected with 8-Br-cAMP (10 mg/kg body wt, i.p.) or an equal volume of vehicle 5 h before killing. The final protein concentrations of the nuclear extracts were in the range of 3-4 mg/ml. Preparation of nuclear extracts from enriched JG cells was performed according to the methods of Kurtz et al. (38) and of Horiuchi et al. (22) . Briefly, kidney cortex was collected from 50 C57BL/6 mice, minced, and digested with 0.1% collagenase and 0.25% trypsin. The cell suspension was then subjected to sieving using a pore size of 0.20 Am. Renin activity and mRNA expression of the cell suspension after sieving were five to six and three to four times higher than those before sieving, respectively. This ratio of concentration was comparable to that reported previously (22) . Nuclear extracts were prepared using a modification of the protocol of Dignam et al. (35, 36) . The final protein concentration was 1-2 mg/ml.
Electrophoretic mobility shift assay. EMSA was performed essentially as described previously (9, 30, 39 DNase I footprinting. After gel purification, the probe ( -15,000 cpm) was incubated with nuclear extracts in a 50-tl reaction volume containing 12 mM Hepes, pH 7.9, 60 mM KCl, 4 mM MgCl2, 0.1 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 10% glycerol, and 1 Ag of double-stranded poly(dI-dC). The mixture was incubated for 30 min on ice, followed by 1 min at room temperature by the addition of 50 ,l of a solution containing 12 mM Hepes, pH 7.9, 5 mM CaCl2, 5 mM MgCl2, and 5-250 ng of DNase I. The reaction was stopped by the addition of 100 ,ul of 12 mM Hepes, pH 7.9, 0.6 M sodium acetate, pH 7, 0.5% SDS, 0.1 mM EDTA, and 20 Ag of tRNA. The DNA was extracted with phenol-chloroform (1:1, vol/vol) and precipitated with 2.5 vol of ethanol before electrophoresis on a 6% polyacrylamide/8 M urea sequencing gel. To define the position of the protected region, G + A sequence ladders were prepared (40) .
Results
Renin proximal promoter activation by cAMP. We previously demonstrated that human embryonic kidney-derived 293 cells directed transcription of the Ren-iC promoter (9) , and that second messenger cAMP enhanced transcription in 293 cellspecific manner by CAT assay (10) . To define DNA sequences responsible for transcriptional activation of the Ren-IC promoter by cAMP in 293 cells, a 381-bp XbaI-EcoTl4I fragment of the gene containing the 365-bp 5 '-flanking region, the transcriptional start site, and the 16-bp exon 1 at positions -365 to Fold induction represented the ratio of cAMP (+ )/cAMP (-) activity for each 5 '-deletion construct, and they were expressed as mean±SEM (n = 6).
+16 was inserted to the BgIH-HindII sites of pUCSVOCAT in the sense orientation with respect to the CAT gene (mRn365CAT), and a series of 5'-deletion mutants extending from -365 to -47 were constructed and tested for their ability to promote transcription ( Fig. 1 A) . These chimeric constructs were introduced transiently into 293 cells, and incubated in the presence ( + ) or absence (-) of 1 mM 8-Br-cAMP for 36 h. The promoterless plasmid pUCSVOCAT was used as a background reference, and pUCSV3CAT was used as a positive control including the SV-40 enhancer-promoter region (41) . As shown in Fig. 1 B, mRn365CAT was able to activate CAT expression to a significant level (4.3+0.5-fold increase) by treatment for 36 h with 8-Br-cAMP, and only the 91-bp Ren-lC promoter sequences (-75 to +16) were required to elicit the cAMP-induced expression of the CAT reporter gene in 293 cells (Fig. 1 B, mRn75CAT) . Although the fold induction ratios of all mutants with deletion endpoints up to -75 (mRn75CAT) were relatively constant, the relative CAT activity in both 8-Br-cAMP untreated and treated 293 cells was reduced significantly between -183 (mRnI83CAT) and -164 (mRnl64CAT). Deletion of the sequences from -75 to -48 abolished the induction of CAT activity by 8-Br-cAMP (mRn47CAT). Furthermore, internal deletion of the sequences from -75 to -48 from the mRn365CAT construct dramatically decreased the basal and cAMP-induced CAT expression ( Fig.   1 B, mRn365ACAT) . These results indicated that the induction of CAT expression by cAMP was dependent on the Ren-IC proximal promoter sequences, and suggested that the RP-2 element from -75 to -47 was important for the cAMP-induced promoter activity of the Ren-IC gene.
Identification ofthe RP-2 element (-75 to -47) responsible for cAMP-induced promoter activation. To assess the functional importance of the RU-i and RP-2 elements in the Ren-IC promoter activation by 8-Br-cAMP, we first ligated these elements with or without the other element in 5' to 3' orientation into the Ren-IC promoter (Fig. 2 A) To further establish the functional role of the RU-I and RP-2 elements in directing cAMP-induced CAT expression, the RU-i and/or RP-2 elements were linked upstream of TK promoter-CAT hybrid gene. As shown in Fig. 2 B, [RU-1/RP-2]TK-CAT was able to elicit the cAMP-induced expression of the CAT-reporter gene (2.6+0.4-fold activation). In addition, the RP-2 element alone could mediate the transcriptional activation by 8-Br-cAMP ([RP-2]TK-CAT, 2.7+0.4-fold activation). In contrast, the RU-i element alone ([RU-1]TK-CAT) could not confer the cAMP inducibility, although this element activated TK promoter in cAMP-independent manner. These results suggested that the RU-1 element functioned as a constitutive activator of TK promoter, and that the RP-2 element was necessary, not only for basal Ren-IC promoter activity, but also for cAMP-mediated activation of Ren-IC and TK promoters.
The above results suggested that the RP-2 element was responsible for the cAMP responsiveness by the proximal promoter region of the Ren-IC gene. Previous studies suggested that CRE-binding proteins activated the Ren-ID and Ren-2 genes transcription through the putative CRE in the upstream 5 '-flanking regions (Ren-iD, -619 to -597; and Ren-2, -670 to -648) (22, 23, 42) . To assess the functional relationship between the CRE and RP-2 element, CRE with or without the RP-2 element was linked upstream of the Ren-iC promoteror TK promoter-CAT hybrid genes. As shown in Fig. 2, A transfection assay was performed as described in the legend of Fig. 1 indicating that the CRE, as well as the RP-2 element, are able to mediate the cAMP-induced activation of the Ren-iC promoter. H-8 is an effective inhibitor of cyclic nucleotide-dependent protein kinases such as cAMP-dependent protein kinase (protein kinase A) and cGMP-dependent protein kinase (28) . cAMP activates the catalytic subunit of protein kinase A, and this subunit translocates into the nucleus, where it phosphorylates nuclear proteins such as CRE-binding proteins (43) . To test whether the activation of cyclic nucleotide-dependent protein kinases was necessary for the cAMP-induced CAT Effect of cAMP on nuclear factors binding to the RP-2 element. We previously demonstrated that 293 cell-dominant nuclear factors bound to the RP-2 element by EMSA (9) . To examine the effect of cAMP on nuclear factors binding to this element, we first performed DNase I footprint analysis. A labeled DNA fragment from -114 to -19 was incubated with 293 cell nuclear extracts followed by DNase I digestion. The results in Fig. 4 A showed that a sequence from -68 to -55 in the RP-2 element, overlapping the TATA-like region (TAA-TAAA; -67 to -61), was protected from digestion by DNase I (Fig. 4 A, lanes 3 and 4, as denoted by the hatched box) . The pattern of DNase I protection did not disclose any significant change upon 8-Br-cAMP treatment (Fig. 4 A, lane 5) .
Next, we carried out EMSA using the RP-2 element as the probe. As shown in Fig. 5 A, the incubation of 293 cell nuclear extracts with this element produced a single shifted band, which was competed specifically by the unlabeled RP-2 element. Double-stranded oligonucleotides containing the consensus binding sites for CREB/ATF, AP-1, or AP-2 did not efficiently compete with the RP-2 element binding activity (Fig. 5 A, lanes 6-11) . Interestingly, 8-Br-cAMP treatment had a tendency to increase the intensity of the shifted band derived from nuclear factors binding to the RP-2 element (Fig. 5 B, lanes 1 and 2) . In addition, a potent inhibitor of cyclic nucleotide-dependent protein kinases, H-8, with or without 8-Br-cAMP, inhibited this increase in binding activity to the RP-2 element (Fig. 5 B, lanes  3 and 4) . The above results indicated that the binding of nuclear factors to the RP-2 element was increased by 8-Br-cAMP, although the binding region did not seem to change, and suggested that the cAMP-protein kinase pathway might be involved in this increase of binding.
Effect of cAMP on renin mRNA expression and nuclear factors binding to the RP-2 element in vivo. The JG cells, which are the main renin-producing cells in the kidney, constitute only a small fraction of the total cells in the kidney. To examine whether the nuclear factors binding to the RP-2 element were involved in cAMP regulation of renin mRNA expression in vivo, total RNA and nuclear extracts were isolated from the kidney and from the enriched JG cells of the kidney. Northern blot analysis was carried out using the mouse renin cDNA as the probe (33), and EMSA was performed using the RP-2 element as the probe. As shown in Fig. 6 A, renin mRNA was expressed in the whole kidney and higher levels of mRNA were observed in the enriched JG cells. No transcript was found in the spleen and liver. 8-Br-cAMP treatment increased renin mRNA expression in the kidney and enriched JG cells. The results in Fig. 6 B showed that the binding of nuclear factors to the RP-2 element was observed with the nuclear extracts from the kidney and enriched JG cells (Fig. 6 B, lanes 3-6) , similar to that observed with 293 cell nuclear extracts (Fig. 6 B, lane 2) . The formation of the shifted band could be inhibited efficiently with the unlabeled RP-2 element (Fig. 6 B, lanes 7 and 8) . Furthermore, the shifted bands showed increases in intensity upon 8-Br-cAMP treatment of mice, which was the same result as that with nuclear extracts from 293 cells. These shifted bands could not be competed with the oligonucleotides of the consensus motifs for CREB/ATF, AP-1, or AP-2 (data-not shown). On the other hand, incubation of spleen or liver nuclear extracts with the RP-2 element did not produce any shifted band in the presence or absence of 8-Br-cAMP (Fig. 6 B, lanes 9-12) . These results demonstrated the existence of the RP-2 elementbinding factors in the JG cells of the kidney. They also demonstrated that 8-Br-cAMP treatment enhanced renin mRNA expression and the binding of nuclear factors to the RP-2 element in vivo.
Discussion
The regulation of the renin gene transcription is achieved via the interplay of various signaling stimuli and trans-acting nuclear factors. All of the mouse renin genes (Ren-IC, Ren-iD, and Ren-2 genes) are expressed abundantly and equivalently in the kidney, and 5 '-flanking regions of these genes are highly homologous to 79 nucleotides upstream from the transcription start site. We supposed that the highly homologous 5 '-flanking regions were involved in the basal transcriptional activity of these renin genes. Thus, in this and previous experiments, we have focused on the promoter region from -365 to + 16 of the renin gene (Ren-iC). We previously demonstrated that the Ren-IC promoter region from -365 to + 16 could mediate the 293 celldominant transcriptional activity and combination of the RU-1 (-224 to -138) and RP-2 (-75 to -47) elements efficiently promoted transcription of the Ren-lC promoter (9) . In this study, we confirmed that the promoter region from -365 to + 16 (mRn365CAT) was able to direct the activation of CAT expression by cAMP, and we indicated that the proximal promoter region from -75 to + 16 (mRn75CAT) was sufficient to confer this activation property by cAMP. Furthermore, we suggested that the RU-1 element was involved to achieve high level cAMP-induced CAT activation, and that the RP-2 element was essential for cAMP responsiveness.
Second messenger cAMP is a well-characterized regulator of gene expression, including the transcriptional modulation of several hormone and enzyme genes (43) . The transcription factor CREB was described as the first CRE-binding protein in eukaryotic cells, and the binding activity of this factor was regulated by cAMP (44) (45) (46) (47) . The ATF family of transcription factors are structurally related to CREB, and the bindings of these factors are also controlled by cAMP (48, 49 Fig. 4 B) . In this study, analysis of5'-promoter deletion mutants revealed that the RP-2 element from -75 to -47 mediated the cAMP responsiveness. Although this element was clearly necessary for the transcriptional response to cAMP, another upstream element, the RU-I element from -224 to -138, was also needed to accomplish the high level promoter activation upon cAMP treatment by proximal promoter.
The functional role of the RU-1 element in cAMP-induced Ren-1C promoter activity was similar to that in the basal transcriptional activity. We showed previously that the RU-1 element efficiently directed transcription of the Ren-IC promoter only in combination with the RP-2 element (9) . Our results in this study show that the RU-I element alone is not able to confer cAMP responsiveness to the Ren-IC and TK promoters, and suggests that the RU-1 element is a constitutive activatorlike region. On the other hand, the RP-2 element seems to be essentially involved in cAMP-mediated induction. We performed DNase I footprint analysis to identify the nature of the DNA-binding activities that occurred at the RP-2 element. We demonstrated that nuclear factors in 293 cell nuclear extracts bound to the region from -68 to -55 in the RP-2 element, overlapping the TATA-like region.
Although the RP-2 element does not contain the putative CRE sites, there is the consensus-like binding motif for AP-2 in the RP-2 element, which may be involved in cAMP response. AP-2 is the transcription factor that mediates induction by two different signal-transduction pathways, protein kinase A and protein kinase C (52) . Previous studies have shown that the AP-2-binding sites could form inducible cell type-specific enhancer of many genes (53) . Thus, we initially supposed that the AP-2 consensus-like site in the RP-2 element was involved in cAMP-mediated induction of CAT expression in 293 cells. However, no corresponding footprint was observed using 293 cell nuclear extracts, and the double-stranded oligonucleotides for the consensus-binding site for AP-2 did not compete for the RP-2 element binding, suggesting that the AP-2 family transcription factors did not participate in cAMP-mediated activation by the RP-2 element.
The activation of gene transcription in response to cAMP usually involves the induction of nuclear binding factor, as observed in the cases of CREB/ATFs and AP-1 (54) . Although the results of DNase I footprinting in this study disclosed no significant change in the protected region by cAMP, EMSA showed that the binding activity of nuclear factors to the RP-2 element increased with cAMP treatment. In addition, the results of CAT assay indicated that the RP-2 element was able to confer cAMP inducibility, and that H-8 treatment greatly decreased this cAMP-mediated activation of CAT expression. From the results of CAT assay and EMSA, we suggested that the cAMPprotein kinase pathway might be involved in the nuclear factors binding to the RP-2 element and in the activation process by the RP-2 element-binding factors to promote transcription. Interestingly, electrophoretic mobility shift competition assay indicated that the RP-2-element binding proteins were distinct from AP-1, AP-2, and CREB/ATF family transcription factors, 1964 Tamura, Umemura which were reported to be induced to bind to their recognition sites. Recently, Horiuchi et al. (22, 23) reported that CREB and negative regulatory element (NRE) -binding protein bound to the upstream 5 '-flanking region of the mouse renin genes (Ren-iD, -619 to -597; Ren-2, -670 to -648), and suggested that these nuclear proteins played a role in the regulation of renin gene transcription. However, they performed transient transfection assay using a heterologous TK promoter instead of the native renin core promoter sequences, and the functional importance of the proximal promoter sequences in cAMP-mediated activation was not examined. On the other hand, Duncan et al. showed that the proximal 100-bp segment, a region of high interspecies homology, was able to direct accurate tissuespecific initiation of transcription and mediate cAMP-induced activation of CAT expression, using primary cultures of placental cells. Although we do not know the exact nucleotide sequences of the far upstream 5'-flanking region beyond -365 of the Ren-lC gene, it is probable that the Ren-lC gene has the upstream CRE and NRE sites, as the Ren-iD and Ren-2 genes have. Concerning the RP-2 element, the sequences of the mouse (Ren-iC, Ren-ID, and Ren-2), rat, and human renin genes are highly homologous, and the RP-2 element seems to be functional in these renin genes. In this transfection study, the CRE and RP-2 element additively increased the cAMPmediated CAT expression directed by the Ren-lC and TK promoters (Fig. 2 ). Therefore, it is possible that both the upstream CRE and proximal RP-2 element are involved in the cAMPmediated activation of the renin genes promoter. Further study, including the molecular cloning, is needed to analyze the molecular relationship between the RP-2 element and the upstream CRE site, and to determine whether the RP-2-binding protein is a novel transcriptional modulator of the renin gene.
Renin is mainly produced in JG cells of the kidney. To further investigate whether the RP-2 element is relevant to the regulation of the Ren-iC promoter in vivo, we performed Northern blot analysis and EMSA using total RNA and nuclear extracts prepared from enriched JG cells of the kidney, respectively. The JG cells were major expression sites of renin in the kidney, and cAMP treatment resulted in an elevation of renin mRNA level in the kidney and enriched JG cells, as reported in previous and recent studies (1, 2, (55) (56) (57) . It was noted that cAMP treatment enhanced the binding of nuclear factors to the RP-2 element in vivo. We previously showed that the human renin gene promoter was specifically activated in JG cells of the kidney using the transgenic mouse model (8, 33) . EMSA using kidney and JG cell nuclear extracts revealed the tissueand cell-specific presence of a DNA-protein interaction at the RP-2 element (Fig. 6) , and showed that the binding activity increased by cAMP in the JG cells of the kidney. These results suggested that the nuclear factors binding to the RP-2 element were regulated by cAMP in the tissue-and cell-specific manner, and that the RP-2 element was involved in regulating the Ren-IC gene transcription in vivo. Recent studies using primary cultured JG cells reported that the increase in mRNA stability might take part in cAMP-induced activation of the renin gene expression (56, 57) , and further study would be necessary to clarify the functional role of mRNA stability in the regulation of renin gene expression by cAMP.
The data we present in this study demonstrate that cAMP activates the Ren-lC gene proximal promoter in kidney-derived cells, and that this effect is mediated mainly via a proximal promoter element from -75 to -47 (RP-2 element), overlapping the TATA-like region. Transcription factors distinct from AP-1, AP-2, or ATF/CREB family appear to be mediators of this cAMP response, and nuclear factors binding to the RP-2 element seem to be regulated by cAMP, and the cAMP-protein kinase pathway may be involved in the activation process. The cAMP-regulated binding of JG cell nuclear factor to the RP-2 element suggests that transcriptional regulation of Ren-iC gene by proximal promoter may be of physiological importance in mediating cAMP-induced changes in Ren-lC gene expression in vivo.
